Poly(vinyl alcohol) (PVA) hydrogels were obtained by freezing (-22 °C) and thawing (+25 °C) process, resulting in a semi-interpenetrating polymer network (s-IPN) with a sulfonated polyester (PES). The cryo-gels samples were analysed in terms of its water uptake capacity (WU) as a function of pH, temperature and ionic strength. WU of all samples were relatively high, and they showed a reasonable sensitivity to both pH and ionic strength. The pH-and ionic strength dependence is attributed to the dissociation of ionizable groups of PES. The degrees of crystallinity of the cryo-gels, determined by using differential scanning calorimetry (DSC), are lower than pure PVA. Besides, decrease of glass transition temperature (T g ) of the samples when compared with pure PVA was observed. This results are due interactions between PVA and PES, which lead to an increase on the amorphous content of the hydrogels. Our results show that, despite of changes in the microstructure of the hydrogels due the presence of the polyelectrolyte, the cryo-gels reveal a long-term stability.
Introduction
Hydrogels can be defined as a three-dimensional network that swell in contact with water or aqueous solutions without dissolve. Poly(vinyl alcohol) (PVA) is a water-soluble polymer, employed in practical applications because of its easy preparation, excellent chemical resistance and physical properties, and because it is completely biodegradable 1, 2 . However, PVA is a neutral polymer, whose hydrogels have a weak sensitivity to external stimuli, that is, volumetric phase transitions (VPT) are not observed in PVA hydrogels under physiologic conditions. An interesting strategy to reach VPT in PVA hydrogels is the formation of a semi-interpenetrating polymer network (s-IPN) with polyelectrolytes. Polyelectrolytes change their conformation with the degree of dissociation, which is function of quantities such as pH values, ionic strength and temperature of the external environment solution [3] [4] [5] [6] . As a result, the presence of a polyelectrolyte can leads to an overall VPT in the PVA-based hydrogels.
Aqueous solution of PVA can form strong hydrogels through freezing and thawing process. Briefly, PVA solutions are frozen at -5 to -20 °C and allowed to thaw to room temperature. This method was firstly reported by Nambu 7, 8 and it results in the formation of crystallites that serve as physical crosslinks to render the material insoluble in water. This method also was used by Giannouli and Morris to form cryo-gels of xanthan 9 . Several papers have been devoted to evaluate the synthesis and characterization of PVA cryo-gels. Some advantages of these physically crosslinked PVA hydrogels are the non-toxicity, non-carcinogenity and the good biocompatibility. However, with such semicrystalline materials, significant changes in the overall crystalline structure can occurs due aging process, reversible gelation or the presence of a second polymer. To understand these mechanisms and improve the long-term stability of the PVA cryo-gels, Willcox et al. reported that an increase on the number of freezing-thawing cycles applied causes reinforcement on the original network 10 . Lozinsky has found that the temperature in the vicinity of -2 °C can be considered as the thermal condition of the highest efficiency of low molecular mass PVA cryo-gels 11 . On the other hand, Peppas has showed that the higher molecular mass of PVA leads to an undesirable secondary crystallization of network. This fact must be taken into account when hydrogels are designed to pharmaceutical and biological devices, once morphological changes can lead to different swelling degrees and diffusional behavior under physiological stimuli 12 . In terms of the microstructure, Ricciardi et al. have used several techniques (DSC, 1 H-NMR, WAXS and SANS) to confirm a bicontinuous structure of PVA cryo-gels. A PVA-rich phase coexists with a PVA-poor phase, being both phases segregated during the first freezing-thawing cycle. Since the freezing procedure is quite fast, the phase segregation can be not completed and the well-defined network characteristic of PVA cryo-gels is obtained only by repeating the freezing method [13] [14] [15] . The aim of this work was prepare s-IPN hydrogels based on PVA by freezing-thawing technique and evaluates the swelling behavior as a function of pH, temperature and ionic strength. The results are analysed in terms of morphological changes caused by the presence of the polyelectrolyte.
Materials and Methods

Preparation of freezing-thawing hydrogels
PVA (M w 120.000, degree of hydrolysis 99%) was supplied by Aldrich. We have used amorphous sulfonated polyester (PES), supplied by Kemira, Belgium (M w 60.000), with 20%/mol of sulfonated groups. Figure 1 shows the chemical structure of PES. All polymers were used without further purification.
A 10%(w/v) PVA solution was prepared by adding the solid PVA to the distilled and deionized water into a flask equipped with a reflux condenser. The dissolution of PVA was complete in 4 hours. A 5%(w/v) PES solution was prepared by adding the solid PES to distilled and deionized water, and raising the temperature to 60 °C. PVA/PES blends with 90/10, 75/25 and 50/50 (v/v) ratios were prepared. Each blend was dispensed in Petri dishes (2.5 mL/dish). Samples were submitted to five freezing-thawing cycles to obtain hydrogels. With the exception of the first one, each cycle involved lowering the temperature to -22 °C, standing at this temperature for 1 hour, then raising the temperature to room temperature, standing at this temperature for 30 minutes. The first cycle differed from the others because of a longer standing time at -22 °C (17 hours).The obtained hydrogels were dried in a dissecator under vacuum until show constant weight.
Swelling behavior
The water uptake capacity (WU) was measured in various buffer solutions. Preweighed dry samples were immersed in solutions with various pH, temperature and ionic strength until they swelled to equilibrium. It was confirmed that 24 hours equilibration was enough to reach the equilibrium swelling of the samples. After surface water was removed with filter paper, the fully swollen samples were weighed. WU was calculated from the following equation,
where w s is the weight of the swollen sample at the equilibrium and w d is the weight of the dry sample. The experiments were done in triplicate.
Thermal analysis
Differential scanning calorimetry (DSC-7, Perkin-Elmer) was used to evaluate the degree of crystallinity of the samples. In a typical procedure, 5-10 mg of a dried sample was placed in an aluminum pan and heated at a scanning rate of 10 °C/min from 40 to 250 °C under a nitrogen purge.
Dynamic-mechanical analysis (DMA Q-800, TA Instruments) was performed to evaluate the glass transition temperature (T g ) of the cryo-gels samples. It was used a tensile mode apparatus at constant strain. Tg of the samples were reported as the maximum tan delta peak over a temperature range from -20 to 120 °C at a heating rate of 3 °C/min and frequency of 1 Hz.
Long-term stability of the hydrogels
The PVA/PES hydrogels samples were immersed in distilled water at room temperature during several periods of time until 15 days. Aliquots of 10 mL from the immersing solution were withdrawn and treated with 0.65 M boric acid and 0.05 M I 2 /0.15 KI solutions at 25 °C. The PVA chains that do not taken place on the hydrogel formation readily form a green complex with iodine ions in the presence of boric acid 16 . Visible light absorbance was measured at 670 nm in a Cary 100 (Varian) spectrophotometer. Figure 2 shows the water uptake capacity of various samples as a function of pH. It is clear that the s-IPN hydrogels are more labile near the neutrality. The water uptake capacity of s-IPN hydrogels increases when the pH of the buffer is above pH 4, which is caused by the dissociation of ionic bonds in the s-IPN hydrogels. Dissociation of the sulfonated group of the polyelectrolyte occurs, causing an increase in the osmotic pressure due the counter-ion mobility into the hydrogels. Under extremely low pH conditions, most of the PES sulfonated groups are part of -SO 3 H. On the other hand at high pH values, most sulfonated groups of PES are -SO 3 -forms. As a result, intermolecular hydrogen bonds between PVA and PES are diminished, contributing to an overall improvement of the degree of swelling of the hydrogels.
Results and Discussion
However, a decrease in the water uptake capacity can be seen to higher pH. It is due the presence of OH -groups that tend to shield the sulfonated groups of PES, reducing the repulsion between the fixed charges on the polymeric chains, thus limiting the hydration of the s-IPN hydrogels.
Temperature-dependant equilibrium swelling behavior of s-IPN hydrogels in distilled water at a temperature range from 25 to 45 °C is shown in Figure 3 . It can be seen that all PVA/PES samples show a slight temperature-responsive behavior, revealing an increase on the water uptake when compared with pure PVA.
This behavior can be attributed to the thermal expansion of the PVA matrix. The thermal mobility of the chains with temperature contributes directly on the dissociation of the inter-and intramolecular hydrogen bonding between PVA and PES. However, it seems that the thermal mobility of PES has an important role on temperatureresponsive behavior, since the glass transition temperature of PES (~45 °C) is situated on the vicinity of the experimental range.
The effect of the ionic strength of the aqueous solution on the swelling behavior of s-IPN hydrogels was also studied. As shown in Figure 4 , the WU of the hydrogels decreases with increasing ionic strength for all the samples. With the content of the PES increasing, WU increases, indicating the contribution of PES chains.
Due the presence of small electrolytes, the affinity action between the sulfonated groups of PES with the water is destroyed. It causes the collapse of the network and the decrease the WU. When the content of small electrolytes is lower, the effect of the ionic strength on the swelling of s-IPN hydrogels is remarkable. In the case of 50/50 hydrogel sample, the WU decreases 150% when the ionic strength increases from 10 -4 to 1. The effect of PES content on T m and ∆H m of the s-IPN hydrogels was investigated. As can be seen in Figure 5 that there are no signifi- However, the presence of PES causes a decrease on ∆H m for the s-IPN hydrogels. Therefore, the degree of crystallinity of the PVA is perturbed by the presence of PES chains, that is, the amorphous fraction of PVA increases with the increase of the PES content. The PVA glass transition temperature (T g ) shifts towards lower values, due the presence of PES, as can be seen in Figure 6 . In addition, the blends are transparent, suggesting no phase separation under macroscopic scale.
This result confirms a strong interaction between PVA and PES. Since PVA chains available to interact with PES are mainly situated in the amorphous fraction of PVA, the degree of crystallinity decreases with PES content. Recently, we have reported a microstructural analysis of the PVA/PES cryo-gel, using the technique based on positron annihilation lifetime spectroscopy (PALS). It was observed an increase of the average free volume of the samples with increasing the PES content 17 , confirming the interactions between the blend components and also the role of amorphous fraction of cryo-gels samples on the interactions mechanisms between PVA and PES. Since the crystallinity is responsible for the crosslinking points in this system, a decrease of this parameter also decreases the number of available crosslinking points, leading to an increase on the water uptake capacity of the hydrogels, as discussed.
The stability experiments for the s-IPN hydrogels shown a maximum PVA dissolution content of 1.2% for all the samples after 15 days. It seems that the PES chains do not promote a disordering process of the PVA crystalline domains, assuring the long-term stability of the PVA/ PES hydrogels 18 . This characteristic of the PVA/PES cryo-gels can be considered during the design and manufacturing of pharmaceutical and biomedical devices for controlled delivery of bioactive substances.
Conclusions
The presence of a polyelectrolyte on the formation of a semiinterpenetrating polymer network PVA hydrogels through freezing and thawing process results in an environment-sensitivity system. Volumetric phase transition was reached in PVA/PES cryo-gels as a function of pH and ionic strength. Polymer-polymer interactions and the ionic nature of the polyelectrolyte play an important role on the obtained results. Besides, the perturbation of the crystalline domains of PVA as a function of the PES content leads to an increase on the water uptake capacity of the hydrogels. However, these structural changes seem not contribute to collapse the system along the time, remaining their original shape and swelling behavior. These hydro- cant changes on T m with the PES content. This result indicates that the presence of PES chains does not lead to a decrease on the overall crystallite lamellar size of the PVA. gels therefore can be an interesting alternative devices to controlled release of bioactive agents, whose stability and swelling capacity are the most important factors to a successful applications.
